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We demonstrate that a very recently obtained formula for the force on a slab in a material planar 
cavity based on the calculation of the vacuum Lorentz force [C. Raabe and D.-G. Welsch, Phys. 
Rev. A, 71, 013814 (2005)] describes a (medium) screened Casimir force and, in addition to it, a 
medium-assisted force. The latter force also describes the force on the cavity medium. For dilute 
media, it implies the atom-mirror interaction of the Casimir- Polder type at large and of the Coulomb 
type at small atom-mirror distances of which the sign is insensitive to the polarizability type (electric 
or magnetic) of the atom. 
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It is well known that an atom in the vicinity of a 
body (mirror) experiences the Casimir-Polder force 
and, at smaller distances, its nonretarded counterpart, 
the van der Waals force. Consequently being a collec- 
tion of atoms, every piece of a medium in front of a mir- 
ror should experience the corresponding force. Despite 
this, a number of approaches to the Casimir effect Q 
in material systems lead to the result that the Casimir 
force on the medium between two mirrors vanishes and 
that the only existing force is that between the mirrors 
(see also text books 0,0] and references therein). 
To overcome this "unphysical" result, usually derived by 
calculating the Minkowski stress tensor 0, Q but also 
obtained usingother methods 0, Q] , Raabe and Welsch 
very recently Q suggested a Lorentz-force approach to 
the Casimir effect. In their approach the force on a body 
is obtained by calculating the sum of the vacuum Lorentz 
forces acting on its constituents. Evidently, this method 
should lead to a nonzero force on the medium between 
the mirrors. As an application of their approach, Raabe 
and Welsch derived a formula for the force on a magne- 
todielectric slab in a magnetodielectric planar cavity, as 
depicted in Fig. 1. In this paper we i) demonstrate that, 
according to the Raabe and Welsch formula, the total 
force on the slab actually consists of a medium-screened 
Casimir force and a medium-assisted force and ii) point 
out a few unexpected results coming from the unusual 
properties of the latter force. 

In the Lorentz-force approach, the force on the slab in 
the configuration of Fig. 1 is given by @ 



f(di,d 2 ) = - 




^2 [.9g2(i£, fc ;0) - 9qi(i£,k;di)] , (1) 

q=p,s 

where 
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FIG. 1: A slab in a planar cavity shown schematically. 
The (complex) refraction index of the slab is n a (cu) = 
y/ e s (w)/x a (w) and that of the cavity n(ui) = \J e(w)fj,(ui). 
The cavity walls are described by their reflection coefficients 
r\(oo,k) and r^o^fc), with k being the in-plane wave vector 
of a wave. The arrow indicates the direction of the force on 
the slab. 



is the perpendicular wave vector in the cavity at the 
imaginary frequency, and 0] 

3<72(«£,fc;0) - 9q\{i£,k;d\) = - \ak 2 (s gs + -j^p) r 9 



+ ^(n 2 - 1)[(1 + r q ) 2 - t q2 ]A q } jJp* , 

(3) 

N q = l-r q (r q ie - 2Kdl +r q 2 e- 2Kd2 ) 

+ {r q2 - t q2 )r\r q 2 e- 2K{dl+d2 \ (4) 

with A q = S qp — d qs . Here r q — r q ^ 2 — r q ^ and t q — 
t q l/2 = t 2/l are Fresnel coefficients for the (whole) slab 
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given by 



where 



1 - e 



1 - pi 2 e~ 2 



force on an ideally reflecting slab in a semi-infinite, e.g., 
d\ — » oo, cavity with an ideally reflecting mirror. Let- 
(1 — p q )e K " 3 ti n g ii — ; r q — ±A g [the minus sign is for an infinitely 

±A 9 , and as- 



(5) 



Vft J \ £sK £Ks Sf-f i\ P-Ks /„% 

P P K,k) = ■ , p s (i£,k) = ; , (6) 



p s K + p,K s 



are the single-interface medium-slab (p q — r\ s — r| s ) 
Fresnel reflection coefficients. 



1. Medium-screened Casimir force and medium- assisted 
force 

Combining Eqs. QJ and J2J, we see that / naturally 
splits into two rather different components 

f(dud 2 ) = f^(d u d 2 ) + fW(d u d 2 ), (7) 



where 



f (1) (d 1 ,d 2 
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and 



f^(d X ,d 2 )=A^r^eKn 2 -i) r~ x 
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q=p,s 



[(1 + r q ) 2 - t q2 ]A q 



N q 



(9) 



Equation JSJ differs in two respects from the formula for 
the Casimir force in a dielectric cavity obtained through 
the Minkowski tensor calculation 5]. First, the Fresnel 
coefficients refer here to a magnetodielectric system. An- 
other new feature in Eq. JSJ) is the (effective) screening of 
the force through the multiplication of the contributions 
coming from TE- and TM-polarized waves by p and 1/e, 
respectively. This provides a simple recipe how to adapt 
the traditionally obtained formulas for the Casimir force 
to the present approach. 

Clearly, owes its appearance to the cavity medium, 
note that it vanishes when n = 1, and is therefore a gen- 
uine consequence of the Lorentz-force approach. Another 
unique feature of is the dependence on the properties 
of the cavity mirrors coming from its proportionality to 
A q r q rather than to r q rf, as is the case with /W. Owing 
to this property the sign of each term in Eq. depends 
on whether the corresponding mirror is dominantly con- 
ductive (dielectric) or permeable irrespective of the prop- 
erties of the slab. We illustrate this by calculating the 
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permeable slab, see Eqs. © and JJJ] 
suming d 2 = d so large that e and p can be replaced by 
their static values £o and po, respectively, the integrals 
in Eqs. (JSJ and JjJ} become elementary and we find 



fS\d)=± 
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(10) 



-2 ■ (11) 



Here, the first (second) line in the curly brackets cor- 
responds to a system with the slab and the mirror of 
the same (different [T(|) type (conductive or permeable), 

(2) 

whereas the sign of /j d depends on whether the mirror 
is conductive (+) or permeable (-). The above equations 
therefore describe the force on the slab in four possi- 
ble different configurations. Thus, the result quoted by 
Raabe and Welsch || (the second line is for optically 
dense cavity media) 



heir 2 
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^, (12) 



is recovered when the mirror and the slab are both con- 
ductive (cc) . Note that in this case and for dense media, 

fiP i s onr y three times smaller than f>p. We also ob- 
serve that, when the mirror and the slab are both per- 
meable (pp), the above equations imply the total force 
Jfd P = l(n 2 + 2)/(2n 2 + l)}f£ (~ l/2/f d c for dense media). 
When the mirror and the slab are of different type (cp or 
pc), however, we find = -(7/8)[(ng + 2)/(2r^ + l)]/g : 
whereas = — (7/8)/^ c . Finally, we note that the force 
on the slab in a finite cavity is given by fid{d\,d 2 ) = 
fid — /id(^i) and is therefore obtained by combin- 
ing the above results independently for each part of the 
cavity. 



2. Force on the cavity medium and on an atom 

Specially, in the case n s = n, f = describes the 
force on a layer of the medium in the cavity. Letting 
n s = n [p q = in Eq. JSJ], we have r q = and t q = e l/3ds 
in Eq. JJjJ, so that we may write 

fW(d u d 2 )= f 2+ " f 2 (z)dz- [ dl+dS h(z)dz, (13) 

where the force densities fi(z) are given by 

/iW = ^j <%e»{n 2 -l)J dkke~ 2KZ x 
r q 

H Aq i _ r q r q e-^ L ' (M) 

n—n fi L A 



q=p,s 
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with L = g?i + g?2 + ds being the cavity length. For a 
semi-infinite cavity (obtained by letting either d\ — > oo 
or c?2 - * oo), fi{ z ) become characteristic functions only 
of the medium and the corresponding mirror, so that we 
may drop the index i denoting the mirror. As follows 
from the above definition, positive f(z) means attraction 
between the medium and the mirror. Clearly, for a dilute 
medium, the force density is related to the force on an 
atom f a t(z) through 



f(z) = NU(z), 



(15) 



where N is the atomic number density. The behavior 
of f(z) is therefore the same as that of f a t(z) discussed 
below. 

Assuming the medium dilute and letting 

n a (*0-l 
where a 



4wNa(iO, = + a m (i^), (16) 



( m ) is the electric (magnetic) polarizability of 

oo) we find 



the atom, from Eq. 114(1 (with L 

h 
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(17) 



The integral over £ here effectively extends up to a fre- 
quency f2 beyond which the mirror becomes transparent. 
Therefore, at small atom-mirror distances flz/c <C 1, the 
main contribution to the integral comes from large fc's 
(k ~ 1/z). In this fc-region, we may approximate the in- 
tegrand with its nonretarded (nr) counterpart obtained 
formally by letting n = k and Ki = k for all layers of 
the mirror. In this way, and by making the substitution 
u = 2k z, we obtain 



/at (z) 



4tTC 2 2 







d^ 2 pa / duue 



(18) 



For a single-medium mirror, r^ r (j£, it/2z) are indepen- 
dent of u [sec Eq. ©, with k — > oo and {e s ,fi s } — > 
{^miMm}] and for this classical configuration we find 



/*(*) 



Mr, 



(19) 



rather than the common van der Waals force. 

To find the large- z behavior of / a t(z), we make the 
standard substitution k — n^p/c in Eq. I|17fl . This gives 

U(z) = / dti A /m 2 a / d PP e- 2n ^ z ' c x 

KK,p)-r s K,p)], (20) 

where r q (i^,p) are obtained from r q (i^,k) by letting 
K i ~ * n (£./ c ) s h with si — yfp 2 — 1 + nf /n 2 for all rel- 
evant layers. Thus, for example, for a single-medium 
mirror with the refraction index n m we have 



r"(i£,p) 



e m p + es r , 



r s (i^p) 



PmP + HS m 



(21) 



Now, for large z, the contributions from the region £ ~ 
dominate the integral in Eq. I|2U|I and we may ap- 
proximate the frequency-dependent quantities with their 
static values (denoted by the subscript 0). In this case, 
the integral over £ becomes elementary and we find 

/^^flreri-^ri]. (22) 

For a perfectly conductive mirror, the value of the above 
integral is 2/3. As seen, since no£o — 1 for dilute media, 
in this case f a t(z) at large distances is effectively three 
times smaller than the Casimir- Polder force However, 
contrary to the behavior of the Casimir-Polder force i 
for an atom near a dominantly conductive (permeable) 
mirror Eq. (|22|l [as well as Eqs. I|17|) - (|19|) ] predicts an at- 
tractive (repulsive) force irrespective of the polarizability 
of the atom ^1 • 

We end this short discussion by noting that ten years 
ago Zhou and Spruch (ZS) considered the atom-mirror 
interaction for an atom in a dielectric cavity 0. Their 
result for the force on an atom in a semi-infinite cavity 
is given by Eq. (|17fl when letting 



(23) 



in the last factor of the integrand. Proceeding as before, 
we see that for the leading term at small distances, this 
formula gives the van der Waals force 



/a Z t S M 



8ttz 4 

At large distances, it leads to 



/>oo />oo 

^ d£ 7 duu 3 e-^ n M,y z )- (24) 



3hcao 
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l)rP(Q,p)-r s (0,p)] , 
n (25) 

thus reproducing the Casimir-Polder result |l| in the case 
of a perfectly conductive mirror and an empty cavity. Of 
course, one must keep in mind that the physical situation 
considered by Zhou and Spruch is substantially different 
from that considered in this work. They calculated the 
force on an atom embedded in the medium and not the 
force on an atom of the medium, as we have done. Thus, 
although we may formally let UqEq ~ 1 in Eq. 122fl . 
as appropriate for a dilute medium, we cannot interpret 
this as effectively the force on the atom in vacuum. In 
other words, contrary to Zhou and Spruch, we cannot, in 
principle, reproduce the Casimir-Polder result starting 
from the medium-assisted force and, for this reason, we 
may regard Eq. ill' 21) as describing a (medium) screened 
Casimir-Polder force. 

In conclusion, the Raabe and Welsch result for the 
force on a slab in a planar cavity naturally splits into 
a formula for a medium-screened Casimir force and into 
a formula for a medium-assisted force. The latter force is 
in an unusual way related to the properties of the cavity 
medium and mirrors. It also describes the force on the 
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cavity medium and, for dilute media, implies the atom- 
mirror interaction of the screened Casimir-Polder type 
at large and of the Coulomb type at small atom-mirror 
distances. Contrary to the sign of the Casimir-Polder 
interaction, the sign of the medium-assisted interaction 
is insensitive to the polarizability type of the atom. Ev- 



idently, to understand these results, a microscopic con- 
sideration of the atom-mirror interaction for an atom of 
the medium in the vicinity of a mirror is needed. 
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